Brain glial cells, five times more prevalent than neurons, have recently received attention for their potential involvement in epileptic seizures. Microglia and astrocytes, associated with inflammatory innate immune responses, are responsible for surveillance of brain damage that frequently results in seizures. Thus, an intriguing suggestion has been put forward that seizures may be facilitated and perhaps triggered by brain immune responses. Indeed, recent evidence strongly implicates innate immune responses in lowering seizure threshold in experimental models of epilepsy, yet, there is no proof that they can play an independent role in initiating seizures in vivo. Here, we show that cortical innate immune responses alone produce profound increases of brain excitability resulting in focal seizures. We found that cortical application of lipopolysaccharide, binding to toll-like receptor 4 (TLR4), triples evoked field potential amplitudes and produces focal epileptiform discharges. These effects are prevented by pre-application of interleukin-1 receptor antagonist. Our results demonstrate how the innate immune response may participate in acute seizures, increasing neuronal excitability through interleukin-1 release in response to TLR4 detection of the danger signals associated with infections of the central nervous system and with brain injury. These results suggest an important role of innate immunity in epileptogenesis and focus on glial inhibition, through pharmacological blockade of TLR4 and the pro-inflammatory mediators released by activated glia, in the study and treatment of seizure disorders in humans.
Introduction
Epileptic seizures affect 0.5%-1.5% of the global population and remain the subject of concentrated neuroscientific investigation.
Because seizures are characterized by pathologically synchronized interactions between neurons, epilepsy research remains justifiably 'neurocentric' (Robert, 2008 ). Yet, glial cells far outnumber neurons in the forebrain and are perfectly situated to modulate neuronal function by encapsulating neuronal synapses and maintaining neurotransmitter balance (Araque et al., 1999; Halassa et al., 2007) . With recent reports of dynamic neuro-glial interactions (Fields and Stevens-Graham, 2002) , the possible modulating role of glial cells in epileptogenicity has received intense interest (Zimmer et al., 1997; Wang and White, 1999; Plata-Salaman et al., 2000; Vezzani et al., 2000; Oprica et al., 2003; Rizzi et al., 2003; Sayyah et al., 2003; Vezzani, 2005; Halassa et al., 2007; Choi and Koh, 2008; Ravizza et al., 2008; Robert, 2008; Vezzani et al., 2008) .
Since glial cells also comprise the brain's immune system, it has been proposed that some seizures may result from brain immune responses (Vezzani, 2005; Ravizza et al., 2008; Riazi et al., 2008) . If so, this would suggest the involvement of astrocytes but, additionally, it would predict the involvement of microglia (Aloisi, 2001 ), a second major class of glial cells which has received less attention by epileptologists. This would be suggested because microglia are distinguished from astrocytes in their singular responsibility for immune surveillance of invading pathogens and danger signals produced by brain damage (Aloisi, 2001) , damage that frequently results in seizures. Relatively, quiescent in their basal state (Davalos et al., 2005; Nimmerjahn et al., 2005) , microglia are activated by central infection, trauma and ischaemia, releasing pro-and anti-inflammatory cytokines, chemokines, prostaglandins and nitric oxide that comprise an early inflammatory response (innate immunity) (Nadeau and Rivest, 2000) .
Recent evidence indicates that chemically induced visceral inflammation is correlated with widespread activation of cortical glial cells, and decreased thresholds for generalized pentylenetetrazol (PTZ)-induced seizures that can be reversed by cortical application of the anti-inflammatory glial inhibitor minocycline (Riazi et al., 2008) . These results strongly implicate glial cells and the accompanying innate immune response in the facilitation of generalized seizures when the cortex is challenged by convulsant compounds. While comorbity between peripheral inflammation and epilepsy has been decribed (Tellez-Zenteno et al., 2005) , more importantly, these results raise the possibility that direct activation of brain innate immunity, characteristic of more commonly observed cortical insult and focal epilepsy, could participate in epileptogenesis. It is possible that innate immune responses alone, in the absence of convulsive agents and prior seizures, could independently increase cortical excitbility and serve as a source as well as potentiator of epileptogenesis. To explore this possibility, we used field potential mapping of sensory evoked potentials and spontaneous activity in rat somatosensory cortex to quantify changes in brain excitability associated with innate immune responses in vivo, induced by direct cortical application of lipopolysaccharide (LPS), a gram negative bacteria that mimics the CNS response to insult and infection.
Materials and Methods

Evoked potential studies Surgery
All procedures were performed in accordance with University of Colorado Institutional Animal Care and Use Committee guidelines for the humane use of laboratory animals in biological research. Seven adult male Sprague-Dawley rats (300-400 g) were anaesthetized to surgical levels using an intraperitoneal injection of ketaminexylazine-acepromazine (K-X-A; 45-9-1.5 mg/kg body weight), placed on a regulated heating pad, and maintained with subsequent injections throughout the experiment so that the eye blink reflex could be barely elicited. While ketamine has been shown to attenuate LPSinduced inflammatory responses of glial cultures (Shibakawa et al., 2005) , it was required here to provide adequate anaesthesia for the large bilateral craniotomy required for hemispheric mapping. The effects reported here may have been larger without ketamine. A bilateral cranotomy was performed over both hemispheres extending 2 mm rostral to bregma to 1 mm caudal of lambda and from the mid-sagittal suture to 2 mm below the zygomatic arch, exposing a maximal area of the surgically accessible cortex. The dura was reflected and the exposed cortex regularly doused with Ringer Solution containing: NaCl 135 mM; KCl 3 mM; MgCl 2 mM and CaCl 2 mM-pH 7.4 at 37 C.
Experimental procedures
Somatosensory responses were evoked by electrical stimulation of the forepaw that was shaved and coated with conductive jelly. A bipolar electrode (500 mm tips; 2 mm separation) attached to a constant current source delivered biphasic current pulses (1.0 ms; 0.5-1.0 mA) to the exposed skin. Auditory click stimuli (0.1 ms monophasic pulses) were delivered using a high frequency piezoelectric speaker placed~15 cm lateral to the contralateral ear. Epipial maps of auditory and somatosensory evoked potentials (AEP and SEP, respectively) were recorded using a flat multi-electrode array consisting of 256 stainless steel wires in a 16 Â 16 grid (tip diameter: $100 mm; inter-electrode spacing: 400 mm) covering a 6.0 Â 6.0 mm area of the left hemisphere in a single placement. The array was pressed against the cortex with sufficient force to establish contact of all electrodes. The required pressure had no effect on evoked potential amplitude, post-stimulus latency, or morphology when compared to potentials recorded previously with more lightly placed small arrays. While both the surgical procedures (i.e. craniotomy and dura removal) have the potential for producing inflammatory effects, we have not noted any progressive changes in SEP amplitudes, morphology or spatial distribution for hours after this procedure in other studies, unlike the acute SEP changes induced by LPS application in this experiment. Recordings were referred to a stainless steel electrode secured over the frontal bone, and were simultaneously amplified (Â2000; NerveAmp, Center for Neural Recording, Washington State University, Pullman, WA, USA), analogue filtered (bandpass cut-off = -6 db at 0.1 to 3000 Hz, roll-off = 5 db/octave) and digitized at 10 kHz. Evoked potentials were averaged over 32 stimulus presentations.
Regions of auditory and somatosensory cortex were estimated from interpolated (bicubic spline) maps of the root mean squared (RMS) power of the evoked potential (an example of the mapping procedure is shown in Fig. 1 ). Evoked potentials were recorded 1 min prior to, and 5, 10, 15, 20, 25 and 30 min subsequent to epicortical suffusion (0.02 mg in 10ml saline) of the toll-like receptor 4 (TLR4) agonist, LPS (Sigma, St Louis, MO, USA), alone (left hemisphere), or LPS after pre-treatment with TLR4 antagonist, LPS-RS (LPS-derived from the photosynthetic bacterium Rhodobacter sphaeroides; InvivoGen, SanDiego, CA, USA; right hemisphere). Manufacturer recommended concentrations of LPS for adequate stimulation of TLR4, and of LPS-RS to block these effects, are 0.0001-0.01 mg/ml. Other reports where LPS was injected into cortex have used concentrations ranging from 0.002-1.25 mg/ml and doses of 0.002-5 mg to effect inflammation (Andersson et al., 1992; de Pablos et al., 2006; Park et al., 2005 Park et al., , 2007 . Our low LPS concentration of 0.002 mg/ml and high concentration of 0.02 mg/ml (for epileptiform spikes and seizures; see below) were at the low end of previous reports. If all of the LPS penetrated the cortex, our low and high doses of LPS were 0.02 and 0.2 mg, which is also at the low end of the dose range from previous reports. Because the precise spread and penetration of epipially suffused LPS used here were not known, these doses should be considered approximate, but were chosen because they produced consistent functional results across animals.
LPS-RS antagonizes toxic LPS in both human and murine cells and also prevents LPS-induced shock in mice (Qureshi et al., 1999) . The main mechanism it uses to block LPS-dependent activation of TLR4 consists of direct competition between under-acylated LPS and hexa-acylated LPS for the same binding site on myeloid differentiation factor 2 (MD-2), while the secondary mechanism involves the ability of under-acylated LPS:MD-2 complexes to inhibit hexa-acylated endotoxin:MD-2 complexes function at TLR4 (Saitoh et al., 2004; Coats et al., 2005; Teghanemt et al., 2005; Visintin et al., 2005) . Suffusion of 10 ml, for both LPS and LPS-RS solutions, was chosen because this quantity completely saturated a 4 Â 4 mm pledget of filter paper used to confine applications in our pilot studies. However, direct suffusion was used in the present experiment to permit immediate recording, presumably covering a wider cortical area but sufficiently confined to the approximate area of somatosensory cortex as to produce no effects in auditory cortex, only 4 mm lateral to the application site (see Results section). Here, and in all subsequent cortical applications, 10 ml of dimethyl sulphoxide (DMSO; Sigma; 2.5% in saline) was first applied.
Epilepsy studies Surgery
An additional 12 adult male Sprague-Dawley rats (300-400 g) were anaesthetized to surgical levels using an intraperitoneal injection of X-A (9-1.5 g/kg body weight) then supplemented with isoflurane (2%) for the duration of surgery (~30 min). At the end of surgery, all surgical wounds were injected with lidocaine (2%) and isoflurane was discontinued. Frequent supplements of xylazine-acepromazine (X-A) were administered for the duration of the experiment (2-3 h), resulting in a highly sedated but unanaesthetized preparation. Both eye blink and toe pinch withdraw reflexes could be easily elicited, but no voluntary movements were observed, and animals were left unrestrained during recording. Recording commenced 1 h following termination of isoflurane. The purpose of this aneasthesia regime was to eliminate ketamine, which can influence epileptogenicity (Velisek et al., 1993; Borowicz and Czuczwar, 2003; Midzyanovskaya et al., 2004) and also attenuate LPS-induced inflammatory responses of glial cultures (Shibakawa et al., 2005) . Isoflurane was also cleared because of its possible effects on epileptogenicity (Veronesi et al., 2008) .
Surgery differed from the prior evoked potential preparation only in that the craniectomy was smaller (extending from bregma to lambda and from the mid-sagittal suture to 2 mm past the temporal ridge) to accommodate a smaller recoding array (8 Â 8 electrodes; 500 mm spacing; 3.5 Â 3.5 mm recording area).
Experimental procedures
In six animals, a unilateral craniectomy over the left hemisphere was performed and only spontaneous activity recorded (i.e. no evoked potentials). One minute of spontaneous activity was recorded prior to, and at 10 min intervals for 30 min, following epipial application of LPS (0.2 mg in 10 ml saline). In an additional six animals, bilateral craniectomies were performed. One min of spontaneous activity was recorded prior to and immediately following epipial application of interleukin-1 (IL-1) receptor antagonist (IL-1ra) (Amgen, Thousand Oaks, CA, USA; 100 mg in 10ml saline). In two subsequent 15 min intervals, IL-1ra was reapplied along with LPS (0.2 mg in 10 ml saline) and 1 min of spontaneous activity recorded immediately before and after each application. In the right hemisphere, 1 min of spontaneous activity was recorded before, and at 15 min intervals for 30 min following LPS application (no IL-1ra treatment). If no epileptiform spikes were observed by 15 min following the first LPS application, the same amount of LPS was applied a second time. This was required in two of the animals. Following recording, spontaneous activity in the right hemisphere was silenced by epipial application of lidocaine hydrochloride (2%). Gamma-aminobutyric acid ionotrophic receptor (GABA A ) receptor antagonist bicuculline methiodide (BMI; Sigma; 10 mM in 0.9% NaCl) was then applied (10 ml) to the left hemisphere to produce a simple model of cortical epilepsy-independent of neuro-glial effects. One-minute epochs of spontaneous activity were recorded in 10-min intervals for~20 min following application of BMI.
In four of the bi-hemisphere surgical preparations, SEPs were obtained for comparison to the previous study. Whisker stimulation was provided by 0.1 ms pulses delivered to a solenoid with attached 3 cm armature constructed from hypodermic tubing. Single whisker displacements were~0.5 mm on the rostro-caudal axis. Whisker stimulation (contralateral to the recorded hemisphere) was used instead of electrical forepaw stimulation because it did not disturb the animals or elicit reflexive responses. Whisker evoked SEPs (32 trials) were obtained immediately following each recording of spontaneous activity.
Analysis
Changes in the SEP were quantified in three ways. First, the RMS power of SEP was computed at single electrode sites in the left and right hemisphere. Electrode sites were chosen based on those revealing the largest amplitude response in the pre-treatment baseline. Second, to examine changes in the spatial distribution or area of the SEP-independent of overall power, the responses across the array were normalized to the maximum power for a given condition (latency pre-or post-treatment) and then the number of electrode sites reaching 550% of this maximum were counted to determine active area in sq mm. Finally, total SEP power in each condition was summed across all electrodes of the array. This measure combined changes in power at each electrode with changes in the area of active cortex. Significant differences in SEP amplitude and spatial distribution are reported as the mean AE standard error and evaluated using two-way repeated measures ANOVA followed by pair-wise post-hoc comparisons.
Results
Innate immune responses increase cortical excitability
The SEP evoked by forepaw stimulation in untreated cortex ( Fig. 1A ; blue traces; averaged across seven animals) consisted of a typical biphasic (positive/negative) slow wave of maximum amplitude at electrode sites in the dorsal and rostral region of a 16 Â 16 epipial electrode array used to map the entire hemisphere, centred on the forepaw representation of primary somatosensory cortex. Click stimulation produced an AEP ( Fig. 1A ; red traces) of maximum amplitude at electrode sites covering primary and secondary auditory cortex in the ventral and caudal area of the array. To better visualize the amplitude distribution of evoked responses, the RMS power of the waveform at each electrode site was computed, normalized to the electrode with the highest power, and displayed as an interpolated map for the SEP and AEP (Fig. 1B  and C, respectively) . In these and subsequent maps, a ratunculus has been superimposed as an anatomical reference, reflecting the complete body representation of primary and secondary somatosensory cortex (SI and SII, respectively). The ratunculus was adapted from a previous study (Benison et al., 2007) since comprehensive mapping was not performed in the present experiment. The SEP was of largest power over $7 sq mm of the forepaw representation of SI, and the AEP potential covered a smaller region in auditory cortex ( Fig. 1C; Aud) .
The same SEP map as shown in Fig. 1B is depicted again in Fig. 2A (left column, top) , representing the baseline response prior to cortical application of LPS. Here, the amplitude of the response appears lower than in Fig. 1 because the values were not normalized to the largest response within the map, but rather, to the largest response across experimental conditions and hemispheres. Local suffusion of LPS (0.02 mg in 10 ml saline) at the site of the forepaw representation in the left hemisphere markedly increased cortical excitability, reflected by increases of both the amplitude and spatial distribution of the SEP. By 20 min these parameters had nearly tripled ( Fig. 2A; left column) .
Excitability changes are specific to TLR4
Pre-application of LPS-RS prevented LPS-induced excitability changes in the contralateral hemisphere ( Fig. 2A ; right column). However, both the spatial distribution and amplitude of the SEP remained unchanged from baseline. Thus, LPS-RS had only a blocking effect of LPS activation through antagonism of TLR4 and no direct effect on cortical excitability, demonstrating no detectable basal TLR4 activity or that which could potentially have been induced by the surgery. AEP in both hemispheres remained stable (Fig. 2B) , suggesting that LPS spread remained largely confined to somatosensory cortex, although this was not histologically verified.
Quantitative analysis of SEP changes at single electrode sites in the left hemisphere (treated with LPS alone) and right hemisphere (treated with LPS + LPS-RS), indicated significant effects of hemisphere group (P50.005), time after LPS application (P50.001), and an interaction between the two factors (P50.002). Pair-wise comparisons revealed no significant increases in SEP power from pre-treatment baseline when TLR4 activation was prevented with LPS-RS. There were also no significant decreases observed from the pre-treatment baseline ( Fig. 3A; light grey bars). In contrast, SEP amplitude increased significantly and steadily with LPS alone (Fig 3A; dark grey bars) compared with LPS+LPS-RS, reaching significance at 10 min. While there was a slight decrease in excitability at 20 min, this was not significant, and measurements conducted as late as 30 min revealed sustained power increase. To examine increases in the spatial distribution or area of the SEP, independent of overall power, the responses across the array were normalized to the maximum power for a given condition (latency pre-or post-treatment) and then the number of electrode sites reaching at least 50% of this maximum was counted to quantify the active area in square millimetres. With measurements of spatial distribution, there were significant effects of hemisphere group (P50.009), time after LPS application (P50.01) and an interaction between the two factors (P50.002). Pair-wise comparisons revealed that increases in the area of active cortex with LPS compared with the LPS-RS control mirrored those of power increases with the exception that (A) The RMS power of SEP at a single electrode site in the left hemisphere and right hemisphere. While no significant increases in SEP power were seen when TLR4 were blocked with LPS-RS (light grey bars), neither were there any significant decreases from the pre-treatment baseline. In contrast, SEP amplitude increased significantly and steadily with LPS alone (dark grey bars). (B) To examine increases in the spatial distribution or area of the SEP, independent of overall power, the responses across the array were normalized to the maximum power for a given condition (latency pre-or post-treatment) and then the number of electrode sites reaching 550% of this maximum were counted to determine active area in sq mm. Increases in the area of active cortex with LPS compared with the LPS-RS control mirrored those of power increases (A) with the exception that significant changes were detected as early as 5 min post-treatment. (C) Similar to (A), but reflecting SEP power summed across all 256 electrodes of the array. This measure combines changes in power at each electrode (A) with changes in the area of active cortex (B).
significant changes were detected as early as 5 min post-treatment (Fig. 3B) . Finally, SEP power summed across all 256 electrodes of the array, which combined changes in power at each electrode with changes in the area of active cortex (Fig. 3C) , produced significant effects of hemisphere group (P50.007), time after LPS application (P50.0001) and an interaction between the two factors (P50.0002). Pair-wise comparisons mirrored increases of separate analyses of SEP amplitude and spatial distribution with LPS alone or LPS+LPS-RS.
Innate immune responses produce spontaneous epileptiform discharge and seizures
Epicortical application of more concentrated LPS (0.2 mg in 10 ml saline) in an additional 12 animals produced spontaneous epileptiform discharge (Fig. 4A a-l) within 10-20 min. Three animals exhibited motor characteristics of focal seizures, with extension and superimposed twitching of the tail, contralateral hindpaw and/or forepaw. Ipsilateral motor involvement was not observed. Electrographic records were characterized by periodic episodes of high frequency spikes (Fig. 4A a-c; 164 AE 3.2 spikes per min; 3.5 AE 0.25 mV peak to peak) followed by suppression of all spontaneous activity for 10-30 s, but no distinct tonic/clonic phases typical of more generalized seizures. Seizures recurred at 1-2 min intervals for the 30 min recording period. The remaining nine animals ( Fig. 4A d-l) only exhibited continuous lower frequency epileptiform spikes (38.8 AE 0.25 spikes per min; 3.3 AE 0.41 mV) during this period with no accompanying motor signs.
IL-1 is involved in innate immune control of cortical excitability
Epicortical application of IL-1ra prior to LPS prevented both seizures and epileptiform spikes in all animals in which it was tested (Fig. 4B) for the entire recording period, indicating IL-1 as an important mediator of LPS-induced epileptiform activity in these animals. In four bilateral preparations (surgically exposed right and left hemispheres; Fig. 4B ; lower four traces) prevention of epileptiform spiking was achieved with IL-1ra in the left hemisphere while subsequent LPS application to the untreated contralateral hemisphere resulted in substantial epileptiform discharges (corresponding to Fig. 4A a, d, e and h, respectively) . Yet, effects of IL-1ra were selective to LPS-induced hyper-excitability. Reduced inhibition effected by application of GABA A receptor antagonist BMI to the IL-1ra treated cortex resulted in epileptiform spikes (42.1 AE 2.75 spikes per min; 4.5 AE 0.16 mV peak to peak), demonstrating that, despite previous findings showing that IL-1ra over-expressing mice are less susceptible to BMI-induced seizures (Vezzani et al., 2000) , neural circuits remained capable of paroxysmal synchronization when sufficiently challenged ( Fig. 4B; right traces) . Indeed, SEP amplitudes in the bilateral animals did not differ from baseline after application of either IL-1ra or subsequent application of IL-1ra + LPS in the left hemisphere ( Fig. 4C; light grey bars) , suggesting normal cortical excitability was maintained despite the IL-1ra treatment. In contrast, LPS application to the untreated contralateral hemisphere resulted in significantly increased SEP amplitude ( Fig. 4C ; dark grey bars).
Discussion
Glial cells have long been thought to provide only metabolic/ structural support in the cerebral cortex and, until recently, have been largely ignored with respect to their potential influence on normal or abnormal electrical activity of neural circuits. With insults to the brain, such as percussive or penetrating wounds, tumour, infarct and infection, glial cells accumulate in the regions of damage (reactive gliosis) for the purpose of repair and reconstruction (Sofroniew, 2005) . However, as early as 1970 (Pollen and Trachtenberg, 1970) , it was suspected that astrocytes in regions of cortical damage may also function abnormally and alter the excitability of neurons sufficiently to trigger acute or chronically occurring epileptic seizures. This glial hypothesis of epilepsy was based on the theory that damaged astrocytes in an epileptic focus may fail to buffer excess extracellular K + accumulated near active neurons, resulting in hyper-excitability and epileptic seizures. While the glial/K + buffering theory of epilepsy fell out of favour for several decades for lack of strong supporting evidence (however, see Frohlich et al., 2008) the potential role of glia in epileptogenesis has received a resurgence of interest with discovery of neuro-glial interactions. The continued focus of this work has been on astrocytes since these are known to surround the synaptic junctions between nerve cells, forming a tripartite synapse (Araque et al., 1999; Halassa et al., 2007) that not only can buffer K + , but can respond to, release and remove chemical transmitters in these critical zones. It is possible that dysfunction of astrocytes may disrupt regulatory control of neuronal circuits, resulting in runaway excitation (i.e. seizures Parpura et al., 1994) . In the same light, a repertoire of recently discovered glio-transmitters and pro-inflammatory cytokines [IL-1 and tumour necrosis factor-a (TNFa)], that can be released by microglia, astrocytes and endothelial cells influencing neuronal excitability, are under intense investigation for their possible contributions to epileptogenesis (Merrill, 1992; Vitkovic et al., 2000) .
The present data indicate that the innate immune response to TLR4 ligands, most likely involving activated microglia, results in increased neuronal excitability sufficient to trigger seizures in vivo. While microglia are regarded to be the major cell type in the CNS capable of transducing LPS signals (Lehnardt et al., 2002) , TLR4 have also been described in astrocyte cultures (Bowman et al., 2003; Carpentier et al., 2005; Borysiewicz et al., 2009; Li et al., 2008) and LPS stimulation of cultured astrocytes results in production of IL-1 and TNFa (Lieberman et al., 1989; Chung and Benveniste, 1990; Bowman et al., 2003; Borysiewicz et al., 2009; Konat et al., 2008) . While TLR4 on astrocytes have not yet been demonstrated in vivo (Farina et al., 2007) , their contribution to the LPS-induced seizures reported here is a distinct possibility. It has also been shown that, although fluorescently tagged LPS binds to microglia but not to neurons (Lehnardt et al., 2003) , neurons can express and up-regulate TLR4 in response to ischaemia (Tang et al., 2007) . Yet, unlike microglia and astrocytes, neuronal responses to LPS have not been demonstrated (Tang et al., 2007) . This does not rule out the potential contribution of neuronal TLR4 to pathological excitability in situations of brain trauma where ischaemia is a distinct possibility. Similarly, while it is not clear that TLR4 expression on endothelial cells in their basal state would be sufficient to contribute to LPS effects observed in the present study (however, see Zeuke et al., 2002) , TLR4 is markedly up-regulated in endothelial cells of brain capillaries following subarachnoid haemorrhage (Zhou et al., 2007) . Given the capacity of micro-vascular endothelial cells to secrete pro-inflammatory cytokines IL-1 and TNFa (Behling-Kelly et al., 2007) , they may also contribute to neuronal hyper-excitability following traumatic injury.
The remarkably rapid-onset of both LPS-induced SEP increases and epileptiform spikes demonstrated here (510.0 min) may, at least in part, have been facilitated by the requisite tissue trauma and elapsed time of surgical preparation, priming the cells for up-regulation of cytokines. However, in this study, significant changes in excitability were not detectable until administration of LPS and associated cytokine release. In astrocytic cultures, LPS exposure times as short as 15 min result in a sharp up-regulation of IL-1b; however, the time-course of the response is slow, requiring 24 h to reach maximum (Krasowska-Zoladek et al., 2007) . Yet, studies concerned with the time-course of cytokine expression evoked by LPS focus on changes with a temporal resolution of hours and not minutes. Our data suggest functional responses to LPS reach significance at latencies as short as 5 min, and are sustained for at least an hour (the longest time point evaluated here) without abatement. This rapid LPS response mirrors in vitro results from LPS application to slices of adult rat parietal cortex, resulting in increased glutamate and noradrenaline within 10 min, potentially resulting in rapid increases of neuronal excitability (Wang and White, 1999) .
Glia are clearly activated following seizures in experimentally induced epileptic foci, producing elevated IL-1 and TNFa (Minami et al., 1991; Zimmer et al., 1997; Plata-Salaman et al., 2000; Oprica et al., 2003; Rizzi et al., 2003) . Our results support the possibility that IL-1 is an important glia-mediated pro-inflammatory cytokine participating in these excitability changes since IL-1ra prevented the effects of LPS, a finding in close agreement with reports of anti-convulsant actions of IL-1ra in experimental models of epilepsy (Vezzani et al., 2000) . However, IL-1 is only one of several pro-inflammatory cytokines capable of increasing neuronal excitability and lowering seizure threshold. For example, CNS inflammation triggered by peripheral chemically induced visceral inflammation is correlated with widespread activation of cortical glial cells, decreased thresholds for generalized PTZ-induced seizures, increased levels of TNFa and a marked increase in seizure threshold with central antagonism of TNFa (Riazi et al., 2008) . IL-1 released by microglia may increase neuronal excitability through its activating effect on astrocytes, imbalancing their control of glutamate homeostasis at pyramidal synaptic junctions (Choi and Koh, 2008) . However, IL-1 released by microglia and/or astrocytes may also have direct effects on neuronal channels and excitability. It is notable that studies of seizure-induced IL-1 expression reveal rapid dynamics in agreement with the LPS-induced excitability effects shown here. Expression of IL-1 has been detected within 30 min of PTZ injection and rapid-onset (5-10 min post-injection) seizures (Minami et al., 1990) . While the molecular mechanisms of the convulsive actions of IL-1 are not known, such a rapid timecourse would suggest a non-transcriptional glia to neuron pathway such as recently reported by Balosso et al. (2008) . Ravizza et al. (2008) have hypothesized that persistent inflammation may be a fundamental mechanism of chronic epilepsy. Our data indicate that early inflammation associated with innate immunity produces large but short-term increases in neuronal excitability. Early inflammatory responses to traumatic brain injury (D'Ambrosio et al., 2004) and to infection (Vezzani and Granata, 2005) , modelled in this study by LPS-activated innate immunity via TLR4, result in the glial release of a variety of pro-inflammatory cytokines. The rapid modulation of brain excitability demonstrated here would be expected to result in inflammation-induced decreases in seizure threshold, as observed by others in a variety of experimental epilepsy models . However, this rapid modulation may also serve as an acute source of epileptiform neuro-excitability with sufficient activation of the innate immune response. In this light, the innate immune response may be viewed, not just as a consequence and possible facilitator of seizures, but as a potential precursor to seizures. The results suggest an important role of innate immunity and focus on glial inhibition, through pharmacological blockade of TLR4 and the pro-inflammatory mediators released by activated glia, in the study and possible prevention of epilepsy in humans.
